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n a previous Report by the authox, experimencal stress intensity ST e
factor range ta¥distributions derived from crack propagation rate N
reasurements were presented for a pin-loaded lug. It was shown that crack S
growth rate at short crack lengths was much faster, by up to almost an
order of magnitude, than predicted by available fracture mechanics
solutions. It was proposed that this was due to the action of irictional
forces batween the pin and hole surface. These forces are normally ignored,
it being assumed that load is transferred by radial pressure alone.

Further crack propagation rate measurements have been made on lugs
with normal clcarance fit pins which confirm the earlier results.

Experiments are described in which the frictional forces were reduced
by lubricant and removed altogether from around the¢ crack origin using pins
with flats. It is found that crack propagation rate at short crack lengths
is significantly reduced by both of these measures, indicating values of
AK nearer o those predicted ignoring frictional forces.

ddlte K It is found that the inclusion of the action of frictional forces in

-f»-—’ilg'g fracture mechanics analysis of a lug leads to an increase in the predicted

s (AK) at short crack lengths. Closer agreement with experimental results is

s obtained if it is assumed that these forces build up more in the region ot

) the crack origin and are therefore effective for the important region of

short crack lengths.qz
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1 INTRODUCTLON

1

In a previocus Report’, the author presented experimental stress i{nteasity factor

cange (AK) distributions derived from crack propagation rate measutements, for the case

O
Sy

of a pin loaded lug. 1t was shown that AK at celatively short crack lengths was higher
than predicted by available €racture mechanics solutions. 1t was suggested that this

effect was due to the omission of the effects of frictional forces between the pin and

RIS
©, b

hole surface in theoretical analyses of crack growth behaviour. Studies of fretting
fatigue using plain specimens with fretting pads have shown that relative slip between
two surfaces leads to the build up of frictlonal forces and that these forces can cause a

significant {ncrease in crack growth rate at short crack lengthsz'a.

The results are preseated in this Repoct of the sudsequent work which has been

carried out investigating the action of frictlonal forces {a lugs in order to uanderstaad

the observed crack growth behaviour.

Crack growth measurement experiments have been carrf{ed out on lugs i{n which the
frictional forces around the crack origla were reduced or removed altogether. The

1.‘ results, which are presented (n section 2, allow an assessmeant to be made of the

magnitude of the effect of frictional forces on crack growth rate.

It is found that the reduction of frictloaal forces by the introduction of a lubri-

cant between the pin and hole surface leads to a reduction {n crack growth rate at short

N crack lengths. The removal of these forces altogether from the area of the crack origin
}E: by the use of a4 pla with flats machined on,leads to an cven greater reduction {n growth i . .
ff : rate. It {3 concluded that the preseance of frict{onal forces {n a lug with a normal dey ;ff?j;fi;ﬁ;f
- ‘ assembled clearance fit pla is sufflclent to cause the high crack growth rates observed!. 'C?lif:;.?:
e Therefore, {a order to prediet acecurately the rate of crack growth, these frictional 3 e
ﬁif forces munt Be {ncluded in the wodel for the analysis. a order to do this, the magai- :Tfit?;j
:i: tude and distcibution of radlal pressure aad frictional forces must be knowa. The :f;Bu :;ﬂ
::%” derivation of an estimate of these daistridutioas, from work descrided ptevlously‘. is ffq'.:;"‘
. described la section ). : SO

i [ ] |
T?i’ . Preseated ta scetloa 4 are the results of laeludtag the acttloa of frictiocaal forces ’th-*: .
tji= . ta a fracture mechanles analysls, to se¢e if the obscrved treads can be peedicied, in a ;-;;:fﬂyiﬁ:
f;& fﬁ stailar waaner to the predictions of Edwacde aad Cook’ for the case of plala speciacns jjﬂgifi:i{;
‘i;' ' with fretting pads. Senstoivity of che result £o the miature of the asswaption (a8 thea S
S T checked {n order to ideatify the taportaal parameters whleh coatgol che groweh of © crack ' —-*—,--!mr
gii :'; 18 a lug. It ts found that the offectu of uslaz avemal stas with aad without lubricant :‘\;' l“f
&:E }:: and plas vith flats oe the rate of growth of cracks can be predieted well. The actual i?ﬁ.j-:;irﬁz
:i:‘ ,S?j magattude of thy frictional forced close to the crack origla are fouad to B wery jJ“:ffﬁ‘f ;:
- A' {apoctany, goveraning the growth of saall cracks. .w_f-,!lv.;
s 2 EXPERIMENTAL STKESS INTENSEYY FACTUR DISTRISUTIONS SRR
‘Hﬁi :%:f 2.1 Specimcas and materlals fk;ﬁihﬁlﬁhi
a . The lug used ta this sefles of exporlacats (s showa ta Flg 1. tt caa Be seea that 0 .

12 {e celatively thiek ((thickaces (2)/diaacter (d)) » 0.94), which leads to crack
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infcistion taking place near the corners at the minimum section due to pin bendtng“'s.

Generally, fatigue cracks started propagating as a semi~ellipse frum an inttiation point '  ;.
about | mm from the corner aloag the borve. They quickly became quartec~elliptical on [ ¥ -
bresking through to the surface and rewained tn this forw for most of the remaintng Llife. ;'\%-l ‘.;u‘
The specimens were mansfactured ds a single bateh frow the same melt of BS2L6S %’Qi ji‘z
aluninium alloy watevial. Ly e
bl

The lugs were assewbled in three condittions:

(a) Some of the lugs were assembled with degreased clearvaunce (0.03-0.21%) €it
steel plas. This fs the sawe condiction as tested aad reported prevtouslyl and was
used in ovder to confirm the results obtained.

(b} Several lugs were assemblad with a water displacing penatrant/lubricaat,

PR g -y
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replaanished at regular intervals throughout the cest without dismantling the

o

5

assembly. 3tudies of fretting fatigue using aluminium alloy plain specimens with
steel frecting pads have shows that frictional forces can ba veduced sigalficancly
by such a @amgﬂuudﬁ.

-
P S

(c) The third batch of lugs was assembled using plas with £lats, as shown in the
inget to Fig 1. A pin flat angle of 60° wag cheosen to give a significaat lmprove=
waut in fatigue streangth, as described fa a review of wmethods of isproving the

fatigue parformance of lqgs7g With such pias, faflure took place in the unfretted

region of the hele at the minimun seetison, ig in approximately the sawe location as
{a lugs assembled using normal plas wich and without lubricaant, conditisns (a) and
(b) above. Thus, there wore o tadial ob shear forces within a 60° ave oa either
side of the crack origlas

P
@&
P

Bxperimeatal sroceduye and sethed of

)

nalysis

- gute sutface snalysis. The procedure adopted has beaen desceibded in detail @?@Vi@ﬁslyl.
aad »ill thevefors galy be sutlised have. The specimens were subjected to a rvepeatiag
two level high=low bloghk pregcamse loading seguance shows schematicslly sa Pig 2 The
fepeating bisck of sevetal thousand "low level' gycles matrked the fvacture surface with 3
gerics of fiue ltaes, o shown i the photesicrsstaph of Fig 3. Neasyremeat of the
distance botwgan the W3¢ ¢ lines, ysiag an optical mierescepe, allowed dirfeer deter-
wination of the orack PrupaEstisa tate at the higher lead level by dividiag his distance
by the sunded of gyeles (A the Sluck. The arack lodgeh perraialag fo this ¢ate was tikea
to be Gid=way betwaen the savkec liass, The auabae of cyiles fa gach blogk and stvess
tewels wote sdjusted 3z Becessary for cach sesembly couditioa to achiove a finely mavked
fractute serfade giviag goad ¢osalutien 3t shovt csch laugths. The =t€e:s leval at
which edssufenduts wete vegulted {Ehe high lovel 1 the fopealling =aquencd) vas thae sawe
for the tWo €asa% of dofmal plas vith 3ad wichour tubricsar, But had ts be inecvaased ia
the tasts uslag pias with flats in order to prowdte fallufe ta 2 similac auadaet of
¢yelass

Heasuraments of gruck propagatien vate ia the lugs were made by postefatlure frae-




iniclation taking place near the corners at the aialmum section due to pin bandtng“'s.
Gencrally, fatigue cracks started propagating as a semi-ellipse from an initfation point
about | mm from the corncr along the bore. They quickly became guarter-elliptical on

breaking through to the surface and remained {n this fora for most of the remaining life.

The specivens were manufactured 4s a single batch frowm the same nelt of BS2L6S
aluniniun alloy unaterial.

The lugs were assembled {n three conditions:

(a)

stecl plas. This {3 the sage condition ad tested and reported prevtouslyl and was

Some of the lugs were asscmbled with degreased clearaunce (0.03-0.21%) ¢ft

used in order to confirm the rasults obtalned.

(v

replenished at regular {atervals throughout the test without dismantling the

Several lugs werc assembled with a water displacting penctrant/lubricant,

assenmbly. Studies of frettling fatigue using aluminium alloy plain specimens with
steel fretting pads have shown that frictlonal forces can be reduced signtficantly

by such a cumpounds.
(e)

inset to Fiz 1.

The third batch of lugs was assendled using plas with flats, as shown in the
A pin flat angle of 60° was chosen to glve a significant lamprove-
weat ta fatigue strength, as descrided {a a review of wethods of taproviny the

fatigue performance of lugs7. With such pias, fallure took place in the unfretted
reglon of the hole at the minimum section, ie {n approximately the same locatloa as
{a lugs asgembled using normal pilas with and wichout lubricaat, coaditleas (a) aad
(b) above.
side of the crack origin.

Thus, there were av radlal or shear forces within a 60° are oun either

2.2 Experimental procedure and method of analysis

Measurementd of crack propagatlon rute {a the lugs were sade by post-fallure frac-
ture surface amalysis. The procedure adopeed haa be¢a descrided in detail prevtously‘.
and will therefoee only de outlined hers. The specimens were subjected to a repeatiag
The

repeating block of several thousaad 'low level' cycles sarked the fractute surface with 4

two level high-low block prograase loadiag scquence showa scheaatically oa $ig 2.
dertes of fime limes, as shown tn th: photoalcrograph of Pig ). Measurcment of the
diatance BDotucen the mirker lines, uiding an optical miecroscope, allowed direct detee~
minatioa of the eraca preopagatioa rate at the higher load level by dividiaz this distanee
by the fRumbder of cyeles ta Che Block.
to be ald-way detweca the magther liames.

The crack leagth pertataing tu thin fate vad takes
The auader of cycles te each dluck aad stecus
levels vere adjuited ad accessary fue cach amseadly coadition ta schieve a fimely marked

fractuce rurface glviag good resolutien at short ceack lemgthe. The ateeus level at
vhich aeadurcacats were requiced (the Aigh level ta the ecpeatlag sequenie) wan the saae
for the two cases of aoraal plas vith aad without ludrizaat, But had to be iacecased ia
the tewla vslag plas with flats la oerder o peromote fatlure iLa a slmntlae agedee of
¢yeles.
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Values of AK were obtained from the crack propagation rate measurements using
matecials data of AK vs crack propagation rate obtained on specimens for which an
accurate stress intensity factor solution was available. As in the previous work’, the
data for BS2L65 material was taken from Ref 8, which used Refs 9 and 10 as its sources.

As discussed previouslyx, Pearson's datal!

, for R (= ainimun stress/aaximum stress) = 0
loading, obtained on thicker specimens (12.7 mm instead of 5 mn), suggests that the data
used may produce values of 8K at a particular growth rate between 10-202 too high in

the range under consideration. This point will be referred to later. 1Iu order to allow
easier, direct comparlson the AK values were normalised to obtain the correction func-

tion Y by dividing by KO (= o /va); where c8 is the alternating gross section stress.

A crack propagation rate vs crack leangth (a) graph for one example of a lug with a
normal dry clearance fit pia {s plotted on Fig 4 and for a lug loaded by a lubricated pin
in Fig 3.
preseated tn Fig 6.

The corcesponding graph for all three lugs tested using pins with flats {s
The desired values of Y for all specimens are plotted against
relative crack length (a/r) on Figs 7 to 9 for the cases of normal dry pins, lubricated
pins and pins with flats respectively. Mean lines were drawn by eye through the data, as
shown on these Figures, and these lines are compared on Fig 10. The only case for which
drawing a mean line was difficult was that for lubricated pins at short crack lengths;

this point will be referred to {a the next section.

2.3 Diacusaion of crack propagation test resulrs

2.3.1 Clearance fit pi~ with no ludricant

As stzated carlier, this {8 the pin coadiilon for which results were presented and
discussed {n delatl ptevlously’. At that time only two results for lugs of HS2L6S
material wevre avallable.
with the original data.
Fig 7.
results coafirming those already preseated, in particular the high values of Y ac shoet

The revults for three further specimens can aow be compared
The derived values of Y for all specimeas are plotted oa

et can de seen thai there {s very little scatter ia the resulets, the later

crack leagths.

2.3.2 Lubrtcated pins

The results for clearaace fit plas with ea libricant tadicated that the low lavel
marker loads were hardly damagiag, the aumbdar w o vies up to fatlure az the higher level
comparing fcasoaadly well with the log aean life achieved ia norwal coastaat amplitude
fatigue tests at thaz loading lavell?, Thus, the comparisua of lives at the higher level
faor the ludrtcated pia tests with the rosults frue normal fatigue tests ustag dey,
ualubricated plas should give a celladle measuse of the heacfietlal effect oa life of
using the ludeicaat. The resulia tadicate that che use of lubdrtcant leads to aa {actease

ta ¢adurance by a factor of apptoxtmately 2.e.

Turalag aow Lo the erack geowth fale measurcucali, 3 Lot of scatler was odsefved ia
Geowth teadad to de
This was peodadly due to the difftlculty {a aatatatatng fresh ludeicaat oa the

the resuliv of the four specimenn foe crack leagohe lews than 2 ma.
cegatic.

pla at all ttees. As the lubricaat decomes léws effective and algrates avay from the

.
-




area of the crack origin, the frictional forces would be allowed to build up. The
results derived from all four specimens are presented on Fig 8 which plots the values of
Y against relative crack length a/r « It was assused that the lug which exhibited the
generally lower crack rates at short crack lengths was the one in which the most success
was achieved in keeplng fresh lubricant on the pln during this phase of life. Therefore
the mean curve was drawn through the results for this particular lug for a/r < 0.15 .
The crack growth rate measurenents for this lug ate preseated in Fig 5. This graph shows
that after gome slightly erratic behaviour for crack lengths less than 0.5 mm, growth
rate increased falrly steadily to reach a peak at around 2 ma. The crack then slowed

down over the next | mm to reach a rate which remained fairly constant up to 7 am.

Comparison with the result obtained using a dry pin (Fig 4) shows that growth rate
was significantly lower at all points. This s reflected {n Fig 10 which compares values

of Y against a/r for the three experimental cases.

2.3.3 Pins with Elats

These crack propagation tests had to be carried out at an alternating stress level
which wvas approximately twice that employed (n the tests using normal pins wich and
without lubricant. This was due to the large lacrease {a tatigue streugth which caa be
achieved uslng such plns’. The increased stress level weant that the tests were
conducted in a reglon where changes in fretting damage would be expected to be less
effective. However, the results tadleate a life luprovemeat factor due to the use of

pins with flats of between 8 and 25.

The low nunmber of eate measurcmcats made oa each speclmen allowed the results for
all three speclmens to be plotted on Fig 6. When viewing this graph, {t must be
rencabered that the applicd stress levels were coastderably higher thaa ta the tests
using normal plas. This would not be expectud to affuct the derived Y distridutions
although the growth rates were higher. [t (s obvious that the form of the curwve i3 very
differeat from tne other two cases ta that crack prowth rate lacreased fatrly steadily to

fatlure, there Belag no peak or pertod of coastaat growth cate.

The seatter la crack propagatien behaviour fue the three cases can be assessed by
comparing Figs 7, 3 and 9 which prescat the derived values of ¥ agalast ale for all
specimens tested. 1t can bBe seea that the use of pirs with flats led to lews scatter ta
erack grawth at short crack lergths than the lubricated plas. Howewer, at eeack lengthe
above =4 am the plas with Flats led to the greatest scatfee {a results of all theee

eiperiucatal caded. Nevertheless, the expecimcntal fapealidility appeass to dBe adequale.

1.3.4 Comparison of Behaviour of theee casces testoed

The aean curves of Y vu  alr fue all theee experimental caves are coapated oa
Fig 100 A3 ¥ {3 swa-dlacasional, the fact that differont sttess levels weee applied ta

the Costs {4 feaouved.

te (¢ tescdiately appateat that the veey high walucs of ¥ obsceved for a lug
loaded by a 20fmal dey pla were wof produced By the camce of ludrteated plad of oiang wigh

Elats. The roeduction of feictivasl forces By the i{ateoduction of ludeficaat led to a
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sharp fall in Y for a/r < 0.l , and the removal of all frictional and radial forces
from a large area around the crack origin led te an even larger fall in Y for che case

of pins with €lats.

The effect may be visualised better by exanining Fig 11 which cuapares crack growth

rates for the three cases at the same stress level. This Flgure was coastructed using

the mean Y curves of Fig 10, going in the reverse order through the procedure described

values from crack growth rate measurements. Also plotted

i3

in section 2.2 for deriving ¥
on Fig 11 (s the predicted crack growth behaviour using Newman's solution’”, which was
used as a comparison prevtouslyl. it can be secn that the reduction and removal of fric-
tional forces had an extremaly large effect on crack growth rate, particularly at short

crack lengths.

The use of pins with flats removes also the radial forces over a large area, but
Thus,

the removal of frictlonal forces appears to be much mote importaant than the removal of

those close to the crack origin would be expected to retard the crick growth rate.
cadial forces. This case ls probadly the closest practical one to the assumption made by
Newnman of a single load passing through the centre of the hole. The growth rate curves
do ta fact look similar, although they are displaced from one another. [n addition they
are both very different from the curve for the dry clearaunce fit pia, particularly at the
shorter crack leagths, where the removal of frictional forces reduced the crack growth
rate by approximately an order of magnitude. Therefore, in order to predict accurately
the rate of crack growth in a lug these frictioaal forces aust be {ncluded {n the model
used for the analysis. 1In order to do this, the magattude and digtridutioa of the radial
aad frictlonal forces around the hole muser be kuown. The derivation of approximate

diateibutions iy described ia the aext section.

b} MECHANISM OF LOAD TRANSFER RETWEEN PIN AND LUG

Work whieh has been carried oul amalysing the stress distribution arouad the hole
in a lug, igaorlag friccional forces, Rias beea reviewed'. 1t vas shown that the disteti-
bution of radlal pressure (s very depeadeat upoa lug geometey, aad ao slagle espression
can b used for all lugs. The results preseated tndicated thaz, for the lug geometry
used la the crack propagatios experiments desceided i{n section 2, a cosiae disteibutioa
was a teasorabdle approximatioa for the radial pressure atuyad the hole:

Radlal pressurs (Qr) - g com @

:ﬂﬁn

[-90° s @ & 90°]

AL pla furco]
* gaxlaua walue of ¢ == L pla force

vhere o
[ 4 et Jt

4R

aad 9 s measated froa the top of the hole, as shuwa oa Fig 12,

The radlal dteess actiag on the hole sutface ta always acgative.

Hodever, the radlal prevsurc caamoel M constidered {a iselatioa for coaditioas whete
feletlonal forces are preseat, as these fofeos will produce a resultaat foree i{a the

dicection of pta load, as described i{a the fiowt pact of the Appeadin. thercfore, the

T = e ey
. ‘_q . :
N .
. ) o '\-' .
. . -
; C I SR
. v LY
! -“-. ‘- N
. . .
SO
- “‘
T )
[ U NI
OIS BN I
D
SN
\ . ., [ '
% -
ORI S R
% - . o Ve
“. 7. .'1 ‘.I T
. Y * e, .
Ve, N,
'y e .
. «
n..?—.—‘.—o.———!— —
N ,“ - .
R .
N AN
Cang s *
. £ . .
S, S
. * -
LY il ) N
L AN R
. . . %
.
.




nagnitude of the radlal pressure at all points around the hole will depend upon the total
aagnitude of the frictional forces. 1ln thelr basic studies of fretting fatigue using
platn specimens, Edvards and Cook? showed that alternating frictional forces (acreased,
or bullt up, during constant amplitude loading. U1f these forcez build up hetween the pin
and hole surface {n a lug then the radtial prassure would be expected to change during
load cycling as a result. The author has carried out an experimeant which studied the
magnitude of radlal pressure at one potnt around the hole during load cycling, to provide
further evidence of the existence of frictlonal forces. 1In addition, data was obdtained

which allowed an estimate to be made of the magnitude of the frictional focces.

As the work haz been des¢ribed {a detatl prevlouslyl, ic will only be briefly
outlined here. As it {3 very difficult to wmeasure radial pressure directly, it was
decided to make straln gauge measurements on the faces nf the lug near the hole. Stratin
gauges were bonded to a lug at the top of the hole (0 = 0°) on both faces approxlmately
| mm from the hole edge, as shown Lo Fig 13. The lug was of the same design as those
used {n the crack propagation measurements described {n sectlon 2, and was made of
7075 17351 matecial. The radlal pressure has been shown to be near fes maximum value at
the point of measurement for this lug geoncttyl. The photoelastic tests which were used
further showed that the hoop stress was negative at the top of the hole and less than a
quarter of the value of the radlal pressure at this poiat. Therefore it was felt that
unldirectional strain gauge measurements would glve a good tadication of radlal pressure
{n this area. The lug was subjected to a load sequence which was designed to (avestigate
the effect on radial pressure of cycling at the stress amplitude used la the crack

propagating tests, {e a medn steess of 99 MN/m’ with aa alternating steess of 23 MN/uz.

Some selected results from the experimeat are presented ia Flg 14, on which ts
ploteed the straln gauge output agatnst the appliad load. tt should de aoted that the
steata (X) axts for cach cyele is displaced to laprove clariey. Thus, eaeh cyele has tta
wen strata axts. The lug was fleet cyeled betuween zero load and the maximum laad {a the
crack propagatien teits. tThe Flest sterata ve load cugve {s showa as eyele A oa Fig l4.
Very slmilar eyeles were produced By five further cycles of chis auplitude, the oaly
ditfercace dheing a stoepealagz of the lattlal gradieat. Load ¢yeling was then cagried out
at the amplitude of the crack prapagation testa (95 = 23 MN/m). The fiest wteain va load
vugve ublalned s shoun a3 cyele ® of Flg lac Cyele € of the same Flzgure vas peuduced
Eulloving 2300 fuether cycles of the saac amplitude. Compariag eycles ¥ and €, the
¢ycles Betwecn obviously had o laegse «ffeet oi the local steaia histuey. The hystetesls
loap ¢losed up, and the stealn ramge dectoaned by about vae third. The slope of the
sfaph vhanged aariedly. it can Be seon that the slope over woet of the loadiag faage of
¢yele A was approximately ame Ralf that of eycle €, the actual change la slope deiag $52.
Lasading cuntireed for a fuethee 12V10 cycles af the sasc aaplitude, Raviag a acgligidle

effort wa the wirala history,

Rofereiag to the carlicr discusston, a likely oxplaaatioa for the rfeduction ia
fadial ptoscure canmge due o ¢ycliag L3 that alternatiag felctional forces do butld up
Setwoen the pla aad hole surface, {4 a steilar wanacr ta the forces obsceved by Edwarcds

atd Qo on plate speclacad with feettiag 94453. The faea of the hysteccsis loope oa
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Fig 14, showing the straln gauge output against pln load, suggest that the frictional
forces {n tha lug were slatiar in natucre to thuse observed in the basic fretting fatigue
wotk on plain specimens In that they were {n opposite directlions at the maximum and miai-
aun points {n the lnad cycle. As described in the Appendix, at the maximun stress in the
load cycle the resultant of the radial and frictional forces act {n the same direction
and thus the radlal pressure around the hole {s reduced by the presence of the frictional
forces. At the ainimum stress, the fcletional forces are reversed, thus opposing the
reductinn {n radial pressure due to the decreasing net stress. Thus it can be scen that
alternating frictional forces lead to an overall reduction {n the cyclic range of radial
pressure by causing a reduction in the radlal pressure around the hole at the maximua

stress, and an {ncrease (o radfal pressure at the minfmum stress in the load cycle.

1t was diclded to ascertaln theoretlcally whether a bulld up of frictional forces
could explain the large observed changes In radial pressure. 1In order to do this, some
approximatinn had to be made of the likely distributlon of frictional and radial forces.
Flest, {t was assumed that the radlal pressure followed a cosine distcibution

(or cos 8), as explalned earlier. Thus the pressure at the maximum and miniaum stress

in ::: load cycle could be calceculated {n the absence of friction.

The next stage was to make an assumption concerning the likely distributton and
magnitude of frictional forees. The work of Edwards and Cook? referred to earlier, (n
which they observed the variatioa in frieti{onal forces throughout the load ceycle, showed
that the peak alternatiag coefflclent of frictiona (L = (frictional force/radial foree))
tises with {ncreasing relative slip to a maximun value of areuad ualty. Therefore Lt wasg
assumed that the maximunm value of §  occurred acar the orfigln of the crack where rela-
tive slip between the pla and hole surface {3 at lts greatest. At the top of the hole,
nearest the end of the lug, u must be zero, as oa elther stde of this point the frie-
tional forces will be {a opposite directtons. Perhaps the simplest function to satisfy
the above fequifements i of the fops u @ Maax sta 8 . Prescated ia the second part of
the Appeadix is the caleulatioa proceds by which several values of Baax VET" teled (a
order Lo asscis the theogetleal effect of fully feversed feictional togeceos oa the range
of radial pressure. lr wvas fousd that high values of Ypax * ie appruachiag uaity, led
to the prediction that the radial pressure atusad the hole was gfeater at the wiaiauwn

stress {n the load eycle than that at the @aximua stecsd. This predletiova detousteatoes

the poteatially large cffect of frictivral Fotces va radlal pressurte, Bul does aol agree
with the experimcntally obserecd bDohaviour. ta additioa, this prediction does a0t appeat
to b 4 practical poe=idility bocause as the pla losd goduces ffom Che maximen to the
mialwua polat, the felative slip bBetween the pla and hole aust lead to a reduc.loa ia
radial prossuge. U wad fouad that a value of Yaax Uo) wiaz fequired to peredict a
reduction {a radial ptassurs raage of 53.4%, wliich ta clode to the expetismcatally
obectved Flgure of 3L, Thus, the prescace of feadidle Jisteibufion of altetnating fric-
tloaal forces caa explata the toductionr in radial pecasurc fange (at all potate areuud

the hole) tadicated by the acanafedcnls of radial strala deuceided.
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The work described Ln this saction has provided further avideace of the ptesence of
significant altarnating frictlonal forces which build up during load cycling. PFurther,
expressions for the distridutions of cadlal pressure and frictional focrces have been
devaloped which €1t the available information. Thesa allow the uffects of frictional
torcas to be '1cluded {n a fractute wechanics aaalyeis of a lug, the rasults of which ate

preseated tn the next section.

4 THEORETICAL PREDICTIONS OF CRACK PROPAGATION IN A LUG

4.1 Plns with flats

Newman has developed a solution to predict the growth rate of a corner crack frowm a
hole {n & finfte width plate, which {3 subjected to a single load acting through the

centre of the holell, The rasult of using this solutlon to predict crack growth rate was
plotted on Fig 1l and discussed in section 2.

The only aspect of lug geometry not modelled correctly iz this solutfon {8 the
distance from the hole to the ead of the lug, measured La the dicectlon of the (tensile)
pin load. This distance s assumed to be {nfinite {n the analysts. However, for the
case of the lug under coastderatlon, this distance (s sufficiently large not to affect

sigalflcantly (<5%) the stress conceatratlion factort®

» cad {8 not considered to be
lmportant {n the preseat analysis. Newman's solutlon was used to predict the value of

Y = (AK/OS/FE) at varlous values of a/r for the geometry of lug used in the crack
propagation tests, aad the crack geometry cbserved Lo these tests. The predictions of ¥
are plotted agaiast ale on Flg 19, together with the experimeatally derived values of
Y for rhe nearest practical case of a lug loaded by a pla with flats, taken froa
section 2. As discudssed in that section, the pia with flats used in the tests removed
radial and frictional forces froa arouad the crack origin and coaceatrated the load over
4 12.7am wide steip at the top of the 25.4mm diamcter hole. & ta therefore aot qulte
the dame a5 the stagle load acting theough the ceatee of the hole asswaed by Newwaa, but
e 19 probabdly {mpossible to get acater thls model practically. [t can de ucen that
theee {3 reasunable agrecacat, Newwda's solutiea resultiag ia values of Y about 142
gredter thad the experiacatal data over wost of the ragge of a/f . Alzhough {c (e
possidle that the experimeatal and theorstical carves should he fufther apart, owtag to
traccufaciad {u the Badie thd AR aat; discunsed {8 section 2, the shape of the two
cutves L wory similat. Theeafuee, {0 vas deelded thal Newsan's soluliod vas a sicable

sTafbing polas.

1l Llearanee FLE pia with lubeieant

£ can ke caleulated Bor the cado of a egack at a hole, loaded by aa arditraey
disteibution of eadial and friceioaal Fforces, iu an t{afiaite plate uslag a Geeca's fuae-
tloa obtatasd by Roukel®, Althaugh aay disteidution of eadial and Feiccivasl forced gan
Be audelled velng this dolution, it {3 mot catirely approptlate for prediciing efack
gfodts in 3 lug slace the Fiaite didcasioas of the lug, particularly width, are aog
wdelled.  Narever, {8 can B uded €0 predict the cffect of a ehaage {a the dluteiduttoa
of frgial and Friceional faeced, which caz N used ta awdtlfy Newman's soluttoa, wageh
docz wsdel the flatte vidth of ghe laz.
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For example, Rooke's solution was used to calcuiate xp and ﬁco‘ for the case of

a crack at a hole {. an infiaite plate:

where K = K due to & polat load (actually a uniform pressute over a very saall arc
P at the top of the hole),

and Kcoe * K due to a cosine distribution of radial pressure.

The value of Y predicted by Nowman's solution at each chosen value of a/r was

then multiplied by the tatio Kc94/& , for the same value of a/r , to obtain an estimate

of Y for a cosine distribution »f radial pressute i{n the lug used in the crack propaga-

tion measurement experiments. Thus '_;nlﬁfi:'
Y § tne distributi 5 )
or a cosine distr on . _cos f..
( of radial pressute ) (Y for a point load) x KP : o

Values of Y wvs a/r , for a cosime radial pressure distribution, are plotteu on

Fig 16, along with values of Y for a poilat load, calculated using Newman's soiutiun,

taken from Fig 15. Also plotted on Fig 16 are the values of Y for the cases of a4 pin ?;;;;_;gﬂ__s

with flats and a lubricated pin, derived from the ecrack propagation experiments described -
} o

By

in sectios 2. 1t was stated {n secction 2 that a review of available {nformation

P M I W]

{adicated that a cosime radial pressure dlstribution {3 a reascuable approximation for iy

—
5
“I L )

the lug geometry uuder cousideration. Lf the lubricant removed all fricrional torces,

thea the experimentally derived values of Y for a lug loaded by a ludbricated pin aight K F
be expected to be close to the predictions for the case of a costne radlal pressure :Q}b¥£§%}£}$ﬁ
discridution with no friction. {a practice, the lubricant will probably oaly reduce ;i;ﬁ;ﬂ.jls%i
rather than remove frictiomal forces, and the cxperimental values of Y will therefore fjj.ff?'\};i

be higher. MNevertheless the two predictiovms of Y plotted oa Fig 16, le for a poinat
load and a costae radial peessure distributioca, may b coosidered to <orressond to the
tvo experimentally derived sesults, for a pla with flats and a fubricated pia.
Exaaination of Fig 16 shows thar the effect of adjusting Newnaa's solutios to allow for a

conine fadial pressure distribducrlon, as descrided earlier, i3 vo tacrease Y for

ale § 0.35 and decreane Y for larger afr . This dehavieur is also scen vhea coapariag
the experimcatal cases, the crossover of curves taklag place ar almost csactly the same
relative crack leagth. At shott ceack leagths, 0.1 <€ afe < 0.2 , the diftescace ta the
experimental curves La aueh gecater than Beltveca the predictioas. This teé prodadly due
to the lubricaal waly teducing rather thaa temoviag feictlonal furees, as mwativaed
above.

4.3 Cleatance £it ate without ludbeicant

The analyiis is Row extetded Fo taclude Che action of frictiomal fegecs. la
sectloa 3 the followiag diugeidutioas of radial asd fetetioeal forces arouad the Bole
veee developed foe the lug peouietry and luadiag level under coasliceraliea:

kadial peossute (0 ) = o ¢on @ (=30° ¢ # 5 $0°) (%)
t LA

Altcrnatiag cocfficleat of frictioa (p) « 0. uia @ (=90° = » & W) 19 )]
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It was assumed that the frictional fovces acted in opposite directions at the maximum and
minimum points in the load cycle. This assumption brings with it the necessity to calcu-
late K at both the maximum and minimum points in the load cycle {a order to calculate
AK + In the previous calculations of Y (normalised AK), when no friction was assumed,
this procedure was unnecessary because K at any point in the load cycle was directly

proportional to the applied stress. Thus, for the previous case with no friction:

K K
max - min - LK (4)
o /ma o /na ¢ /na
max nin g
where og = (omax - Gmin)/z

and AK = (Kma - Kmin)/z .

X

NB Throughout this Report, the symbols °g and 4K are used to define the alternating

semi-range of gross section stress and stress inteunsity factor respectively.

However, with alternating frictional forces, the frictional componeat has to be
added to the radial pressure component of K separately at the maximum and minimum
points of the load cycle in order to determine AK . Thus, for the preseant case with

alternating frictional forces:

Y = Kmax ” Kmin - AK ()
ZGngE og7na *

This point will become more cleaar later in this section when the calculation

process 1s described in detail, and the results are discussed.

Rooke's solution was used to calculate the maximum and minimum values of X for
the same stress ratio (R) used in the crack propagation tests, assuming a cosine radial
pressure distribution, with and without friction, in a hole in an infintte plate. In
order to aid the following description, the stages in the calculation process are shown
on Fig 17, parts (a) and (b) being for the maximum and minimum points {n the load cycle
regpectively. Plotted on this graph are values of K/Kb vs a/r ,

(8)

where K, = /;a(ﬂin load at maximum stress in load cxcle) .

dt

The continuous lines on both graphs show the values of K/Kb at the maximum and
minimum points of the load cycle for a cosine radial pressure distribution with ao fric-

tion. At any value of a/r :

K a Rx K . (7)
min max
In order to avoid confusion it should be emphasized that Fig 17 caanot be compared
directly with Fips 15 and 16 as these two Figures present predlctions of Y for a fiaice
width lug whereas Fig 17 presents predictions for an i{nfinite plate.
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The effect of frictlonal forces at maximum load is to reduce radial pressure at all

pofats acound the hole and therafore K due to radial pressare alone will be reduced, as

shown by the dotted square symbols on Fig 17a. At the minimun load, the frictional

forces act in the opposite direction, leading to sa incredse ia radial pressure and

consequently an increase in X due to vadial pressutre, showa on Fig 17b, again with

dotted square symbols.

At maximum load, the frictional forces act to produce 4 positive contribution to

K , shown by the cross symbols on Fig l7a. As the frictional forces act in the oppusite

direction at the minimum load, they will contribute a negative component to K , shown by

the crossed symbols on Fig 17be

The net result of the coatributions due to radial pressure and frictional fotces is
shown by the dotted circle symbols on Fig l7a&b. 1t can be seen that the ner effect of

frictional forces is to increase K for all values of a/r at the maximun load and to

ceduce K at the minimum load. The resulting increase fn AK dve to the inclustion of

the action of frictional forces is shown on Fig 18. The values of K/Kb for the maximum

and minimum polats of the load cycle for th: cases with and without frictioa, arec

on this Figure.

plottad against alr The K/Kb axis s magnified compared with the

previous Figure i{n order to {mprove clarity. The results plotted on Fig 18 were used to
calcy i*e the percentage increase in both AK and Kmax due to the inclusion of the

effect »f trictional forces:

- AR(with frictlon) ]

% increase (o 0K [Aﬁ(ulthout Telccton) 1| = 100 (3)
Knax(wtth frictlon)

X increase la K = Kna‘(utthuut feiciion) 1y x 100 (9)

The calculated percentage tncreases in AK  aad Knax are plotted agatnst alt 1w

Fig 19, {s lncressad by between 47% at a/er = 0.0) and 163 at

ale = 1.00 for the case of a loaded hole in an tnfinite plate. 1o concrast, ‘uax is

Tt can be seen that &K

tacreased by between oaly 10% and 4% over the sase range of ale .«

1a order to obtaln a predictiea for the fialte width luz used in the experiscals,
{t was assumed that frictional forces had the sasw cffect on AK ia both a fiatte and
inftalte width plare. The value of Y for a costne distributioa of radlal presdiure with
ao frictional forces areuad a hole in a fialte widzh lug (Fig 16) was aultiplied by the

ratio of OK witn and without friction, ealeulated usiag Rooke's solutioa:

AK({with friceion)

for radlal presdure - for a costae cadial (10)
and frictioasl foeces pressure dlsteidution ak(without fetetioa) ’
\ D) \ V] \ ~ —d

—— ~—

obtalned using
Ruoke's sulutloa

prediction {znoring
friction

predtecion for a lug
with a aoraal pta

N
o

D
. B

t.
] .
L e R e M D

A" ‘

R T I I
Pl .

— ——
N .
. .
» .' . Y
. . . + h.
. - - v
e D
‘.".‘.‘,- iy
DADREACERN
DAY
AR RN o
RORUNOSE
L3 v - . EY
DA A
S ..“."' C
St
LAY P *
] «r.
. R
. P .
. g L e
'y R
'..-‘\‘.‘.".
AR W et
IR YA AT EY
. B
o N
RS I
- -



The rasulting values of Y , fncluding the action of frictional fotces, are plotted
against a/r on Fig 20, together with the two previously described predictions of Y

which {gnoce frictional forces.

1t should be emphasized that the predictlon including the action of frictional
{otces (s for the pacrticular lug used in the crack growth experimeats under the
prescribed loading conditions. A different answer would be expected for other
conditions. For example, velative slip {n a larger lug would be greater, leading to a
probable increase in frictional forces, and increased alternating load would lead to
increased slip and hence frictional forces. Increased frictional forces would lead to a
greater reduction in radlal pressure vange. Thus, the contribution to AK due to radial
pressure would be reduced and that due to frictional forvces would be {ncreased, and the

total calculated AKX would therefore be different frou the case considered {n this

section,

Exanination of Fig 20 shows that the prediction whichk includes the action of fric-
tional forces glves the closest agreement with the experimental result for a dry
clearance fit pin in the i{mportant reglon of short crack lengths. 1la order to present
more clearly the difference {n accuracy between the predictioas with and without the
{nclustion of the effect of frictional forces, the results presented {n Fig 20 were uged
to caleulate the ervors in the prediction for 4K when coupared with the experizental

result. This was achieved by ploteting the value of

Y -
sal
Lxp el aols s %ua?igu
exp

where Y » Y der{ved {rom LOS experimental data for a cleacance fit pin with no
lubricant

X 2 caleculated value of Y
cal

The a/r scale (X axis) la mapnifled compared with Fig 20 to coacentrate oa the
tmportant cuglon of short crack lengthd. It can be seen that there is a large laprove-
sent in aceuracy for a/r ¢ 0.1 . However, for longer crack leagths, with afe > 0.2 ,
the iacluatua of the effect of frictional forces leadas ta an overestiastiom of Y of

approximately J0Z.

ft should be noted that {a the predictioas {t -Jas assumed that the radlal and frie-
tienal forces remain constant throaghout the eatira cracked life, vhoreas the flolte
elemenr ecsalts of Hsu'® aad Callinan!” tadicate that there are significant changes ia
radial sressurte disteidutiva as tha erack grows loager. The coasequual possibtlicies of
{raceuracion {a the predictlons aide will however be raduced to some exteat by the fact
that ad the cracik tip becosea aore reaote from the potats of application of load, the
type of distridution ansused wacoacs ledd laportaat. No atteapt was azde to allow for
this effect, ad {¢ tu the grogel of short cracks which 1s of mwst (aterest odlng to the
€act that this phasa noramally oceuples the majority of fatizue life. Purcthersore, the
anoadly befueen theory dad owperismcatal ovldeace dlacovered pereviously vas at short craek

leagths, so the analysls coaceatrated on rhis ared.
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4.4  Seasitivity of prediction to assumed distribution of frictional forcces

In order to include the effect of frictional forces in a fracture mechanies
analysis, a relatively simple approximation, concerning the magnitude and distribution of
these forces, was wade, which fitted the linited available {nformat{on. A more accurate
description of the actual radial and tangential forces around the hole surface should
teduce the ecrror in predicting crack growth rate. It was declded to make an assessment
of the sensitivity of the prediction to the nature of the assumption regarding the fric-
tional force distribution. 1t ts possible that frictional forces build up relatively
more, close to the ocrigin of the crack, than at other polats of contact owing to large
amounts of relative glip taking place {n that area. This {s evidenced by the fretting
marks on the surface of the hole at the ainimum sectlon in the area of crack Initiation.

In the case of the lug under consideration thesc wmarks can be up to Inm wide.

Making the assumptilon that M aax tncreases locally from 0.3 to 0.6 over a 14°* arc

{(3.1am long), the previously described method was used to determine the resulting change

{n AK « 1t was found that AK (compared with the case for p = 0) was increased by
between 30% at a/r = 0.01 and 11,5 at a/r = 0.30, as shown on Fig 22. 1f the arc over
4,

which the “rictional forces are increased i{s reduced to only 4° (0.9am long), it is found

that a wmch gsmaller range of crack length (s affected to such a large extent. For

example, Lf the frictional focrces are increased by a factor of 5 over a 4* arc, producing )
a 304 inccrease tn AK at a/r = 0.01, the iucrease in AK is less than 1% at a/r = 0.08. E;QEFLL;Q;;
A value of u = 1.5 docs aot appear tu be practical but was assumed to ald comparison as
tt nrodices a4 stmilar effect on 4K at afr = 0,91 to the assumption that u {8 doubled
ovev a 14° arc, However, frictional forces of the same magnitude could exist with more

feasible values of u , {e less than unity, {f the radlal pressure over this small regilon

was higher than glven by the ussumption made of a costae distribution. This could result
from the hole elongating 'ndar loading and ‘wrapping arouad' the pin at the lug minimunm
sgetiond It can be seen from F.gz 27 that the nature of the frictional forces close to
the crack otlgln has a large effect on AK at short crack lengths; the cleser the forces

are to the origin ~f the crack, the shorter the crack length affected.

Tnis conclusion supgests that the predicttion of the experimeatally declved result
tor a dey clearance fit piln could be made more accurate, than that plotted on Fig 20, {if

a different assamption for the distribution of yu was mades [f u  built up relatively

more 2lose toa the nrigln of the c¢crack thaa given by the assumption mada of u « 0.3 sin 6,

g

and ralatively less at points awvay frowm the crack origin aear the top of the holae, then

A
LR

.

P
.

the predlcted {acesase tn AKX due to frictlonal forces would be greater at low values of

O

-
.

-

By a’t and smallee at high values of a/r . The praedicted values of Y would then be much
e ¢loner to the experisentally desiced vesult over the full range of afr than those shown

oy Fly 260 However, there {8 no further {uformattion available at this time on which to

oase a sultable distribution of u  around the hole. Further work should be careled out

[t = to help define a morve aceurate disteibution of radlal and tangential forvces under
RN e fearting condicions.
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5 CONCLUDING REMARKS

In a previous Keport by the author experimental AK distributions were pre-
sented, derived from crack propagation rate measurements of corner cvacks for the case of
a lug loaded by a clearance fit pin. It was found that the crack grew much faster (by
approximately an ocrder of wagnitude) at short crack lengths than predicted by availabdle
fracture mechanics solutions. Examination of the findings of basic studies of fretting
fatigue strongly suggested that this difference between predicted and observed growth
rate was due to the action of frictionsl forces between the pin and hole surface, which
are normally ignored in theoretical analyses.

In ordar to gubstantiate this hypothesis, crack propagatici rate measuremeats have
beeu carried cut on lugs in which frictional forces were reduced by lubrication and
eliminated from around the origin of the crack by the use of pins with flats. 1t was
found that in addizion to extending the life to the initiation of a small crack (around
0.5 mm), the reduction and removal of frictional forces led to a very large fall in

propagation rate over the shorter crack lengths (up to around 6 mm or a/fr = 0.5).

Previously reported measurements of radial strain on the face of the lug at the top
of the hole indicated that the rauge of radial pin pressure decreased during load cycling
owing to a build up of frictional forces which share the pin load with the radial
pressure. From an exsmination of the results of these weasurements it was concluded that
these frictional forces were alternating in nature, ie they acted in opposite directions
at the maximum and minimum points in the load cycle. Thus, at maximum load they act to
cause a reduction in radial pressure around the hole, and at minimum load they are
reversed, thus opposing the reduction in radial pressure due to the decreasing pia load.
The total range of radial pressure 13 theraby reduceds The radial strain measuremeats,
together with information on radfal pin pressure distributions derived from the l{itera-
ture, allowed an estimare to be made of the actual distribution of radial and targential
forces in a lug. 1t was found that including the effects of alternating frictional
forces, rather than considyring radial pressure only, in a fracture mechanics analysis of
a lug led to a significant increase in 4K , and hence crack growth rate, at short crack
lengths. The increase {n AK was found to be much greater than the increase in the
maximum value of X . The sensitivity of the prediction to the form of the assumed fric-
tional force distribution was assessed and it was found that the magnitude of the forces

very close to the crack origin was particularly imporcant, governing the growth of short
cracks.

The experimentally observed results of using lubricated pins and pins with flats
could be predicted with veasonable accuracy, and good agreement for the case of a normal
dry pin was achieved at short crack lengthe, up to approximately 1 mm. However, at
longer crack lengths the predictions of 4K were between 20-30% higher than the experi-
mentally derived results. This is probably due to a lack of knowledge of the actual
disteributions of radial and tangential forces, at the start of crack growth, and the way
in which chese forces change with increasing crack lemgth. It was demonstrated that

closer agreement between theory and experiment could be achieved if it was assumed that
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the frictional forces built up relatively more, close to the crack origin, and relatively

less, at points distant frow the origla, than defined by the assumption nade of
y - 0.3 sin 0.
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Appendix
LOAD TRANSFER BY RADTAL PRESSURE AND FRICTIONAL FORCES

A.l Contridution of frictional forces to pin load

A schematic diagram is presented on Fig 23a of the radial and frictional forces
acting on the hole surface ia a lug with the pin load increasing and approaching its
maxizum value {n the cycle. As shown, the frictional forces act in opposite directions
on either side of the top of the hole and produce a resultant force in the direction of
the movement of the pin relative to the lug. Thus, the resultant forces due to both the
radlal pressure and frictional forces act in the direction of the pin load, ie upwards on
Fig 23a, through the centre line of the hole. Therefore, the introduction of frictional
forces leads to a reduction in the radial pressure around the hole for this load case.

By symmetry, the resultant horizontal force (at right angles to the direction of the pin
load) due to the radial and frictional forces must be zero.

The directions of the radlal and fricti{onal forces actiag on the hole surface with
the pin load reducing and approaching its wminimum value are presented oa Fig 23b. It can
be seen that the frictional forces have reversed in direction, compared with thoge on
Pig 23a, and act to produce a resultant force downwards, in the direction of the movemant
of the pia relative to the hole. As the direction of the resultaat of the frictional
forces acts ia the opposite direction to that of the radtal forces, the introduction cf
frictional forces leads to an iacrease in radial pressure arouand the hole at the minimum
stress (n the load cycle. The load cycle considered {s shown in the iasert to Fig 23 and
i3 wholily teasile, as in the crack propagation expervimeats.

The principles outlined Ln the description above are demonstrated inm section 2 of

this Appeadix, ia which the effects of two assumed distridutions of frictional forces on
the radial preasure around the hole are calculated.

A.2 Caleulation of the effect of friction oa radial preasure

Referring to Filg 24 and resolving the vertical load (d¥) acting oa the small
elemeat of the hole surface subteaded by the asgle 48 .

For uait thickaeds:
dF = (e: cos @ + t giln 3) ¢dd (A=1)

where ¢ :s the shear streds due to the frictional forvce caefficient of friction
ul=vfe .
£

Using the assuaptloasd made 1a gectioa }

Q‘ » 0! ¢os @
wax

o) ‘i; TR ) sin @
:...:. .:.\ L =% 9 .
o Substituting for v, 0. aad b glwes:
L *a b '\5
B - & o eleosls o ta%s con 8]as (A-2)
- . Taiu y Paae P10 T S .




A N AP e AP A T S A A T B O R et e O A S A A M A MDADAR AU EA CA S REAERA WAV ES SR EMEAS S Al 2
1: 20 Appendix E;':.v;-;v 'vig!:; el
®/2
2 2
Total pin force (F) = % T cos 0 4y . sin 0 cos 0 dO (A-3)
nax
/2
®/2
1 + cos 20 2
- 9 t j (——-—-')+ i sin 6 cos O d0 (A=4)
r 2 aax
nax
-%/2
3
r
/2 :
] u sin"0 .
- o, rfgeda 2, max (A=5) 5
O . max L -%/2 E.
o 'u zuuax
T . therefore F = ¢ tT ¢ . (a-6)
v r 2 )
; max |
] . Example |
‘-: Let Ppax © | and dubstituting into equation (A-6). At the maxtmum stress ia the
load cycle the frictional forces act in the direction showu on Fig 2}a.
— 3 Foax(axinun load)
I Therefore ¢! (with friction) = ; i (a-7)
..'tf: . *max r[:lz v a3
et g 2 i . max )
S aad o, (no frictioa) ;I—;/—ZT (a-8)
ke ; - %} P
e ] o! (it friction) .
5 .
) , Bax #/2 .
, therefore - == @ 0,70 . (A=9)
i 73+ 2] y
: ai (a0 friction) v/e ) — :
v ..:' adx :
e Thus, the preseace of frictioanal forces, defimed by u = sin 8, leads to a 30X
".}:','; ) reduetion {n the value of & at the maximu~ steess la the lead eyele.
e Faax
e , At the aiaiaus stzeds {a the load eyele, the frietiomal Forces act ia the directioa
pe i showt va Fig 236, assuaiag fully revoreed feictloaal forecs.
.':':‘: . ' 3 ?ﬂia(a&&tm load {a eyele)
“\'.\ T, : " ¢ 3 2 a . -}
.“:’\ .. m«'¢r0’¢ U: (H‘ith "‘Lttuﬁ’ rr.fz _—zl'sr (A ‘u)
RSN . Ba%
““’\ -
AN
Note the change {8 siza of the /) (era ia the deaoairdtor.
D3 ¢
O ! 4 -
:.:-.. » s, (ro frictioa) = T:*;‘?') (A=i})
s 3 a3y rleie
,":u‘. \
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Appendix
3
0 (with fciction)
Traax n/2
thecefore - " -3 (A-12)
o, (no friction)

aax

s 1,74

Thus, at the minimun stress in the load cycle, the preseace of frictional forces

leads to an inccease of 74% in o ¢ .
max

For the load cycle used in the crack propagation tests and in the radial strain

neasureaents described in section 3:

= Q.62 .

Substituting into equatton (A-10), at the aminimum stress ia the load cycle

3 0.62?mx 0.6857.“
o, {(with friction) = m - —

asx

At the maximum stress in the locad cycle, equation (A-7) gives:

0.“‘7?‘”‘
o; (with frtcetion) = e
Py

Thus, Lt can be seen that the assumption of the preseace of altecnating frictional
forces, defined by u = sin @, {n conjunction with a radtal pressure distribution defined
bya = Q'ea: cos 8, leads to the prediction that the radial pressure around the hole is
greater at the ainimum stress than at the saximua etreds ia the load cycle. This is a
auch larger effect than odserved experimeatally, therefore a lower value of u max is

assumed la Exaasple 2.

Example 2 K “ "::::f::
Let RIS
uu‘ - 003 . i : .1 : R Yo
At the eaxi=um stross (a the load cycle, sudstitutioa for u la egquation (A-8) .:.:-‘;.f.;::-:: -.;:._
glves: RPN
‘1‘ "..':‘.‘-'.':..‘:.\
?.“ o.sesr.“ NI A
a' (with friction) = ~ .
Cax ele/2 » 0.2] t
2 ?.“ 0.636?.“
o, (no frictioa) = T ° s .
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At the ainiaum stress in the load cycle, again foc R = 0.62 and assusing fully
teversed frictional forces:

0.62¢ 0.452¢
max Bax
e[w/2 = 0.2] r

03 (wich friction) =
nax

0.62F 0.395¢
BAX 2ax

4
] (no friction) = -
Frax t[%/2]

1 4

F

radial pressure vange (0.636 - 0.395) max
® - r

therefore (no friction)

0.241F
- —DBaX
4
radial pressure range Fmax
(with friction) = (0.565 = 0.452) =
0.113F
- o|an
r L]

percentage change in
Therefore radial pressure range
due to frictien

00241 - 0.113
0.24)

100

53.4% .

This (s very close to the experimcatally observed reductioa {a radial pressure
cange of $5%.

.
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o - LIST OF SYMBOLS
pai .,
o ‘? A Head height of lug = distance from ceattre of hole to end of lug
jgf R K strass intensity factor
el - K, K based on maximum pin beacing stress in cycle
[ "’
O . K maximun value of K 1in cycle
Ll . max
LW K mintmum value of K in cycle
| ain
'::‘.‘-. - &c fracture toughness
o 3
e Kp.&c“ K due to point and cosine distribution of load respectively
N R stress ratio = (minimum stress)/(aaximum stress) {in constaat
E - amplitude fatigue test
;::' - W widch of lug
f:.”‘, X stress intensity coefficient or corcection factor = (AY.)/(cgft_a)
. a1
= ), a crack length
1j:f: 4 diameter of hole in lug
X o da/dN crack propagation rate (length per cycle)
~ t radius of pin
o t thickness of lug
:.'..-_ -:: .43 semi-range of alternating K « “nx - &.m)lz
»_ (13 angle subtended at hole ceatre, meagsured froam head of lug
o 1 shear stress )
o B " coefficlent of friction N
Rl . 0g seni-range of alternating groes section stress = (alternating load)/(wt) '
] A o, radial pin pressure .
o . 0 saxiaua value of o
- . Taax r
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Fig 3 Photomicrograph of fracture surface showing marker lines
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Fig4  Crack propagation curve for a lug loaded by a clasrance fit pin with no
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Fig 13
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Fig 18 Nowman's solution — the starting point of the prediction
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Kmax due to radial pressure
(with no friction present)

Kmin due to radial pressure

(with no triction present)
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- - =—~~ Newman's solution for
corner crack
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load distribution (Fig 16)

——-—— Adjusted for alternating

\ frictional forces with u=0.3 sin 6

Experimental result (normal pin-no lubricant)
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Fig 20 Effect of the inclusion of alternating frictional forces with u = 0.3sin 0
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Fig 22

AK
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(compared with zero friction case)
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Frictional forces doubled
over 14° arc at crack origin

Frictional forces xS over 4°arc
at crack origin
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Fig22 Etfect of increaing frictional forces close to crack origin
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Pin load

a) Forces acting on hole su/face as pin load approaches
maximum value in load cycle

Pin load (Fpyin!

%) Forces acting on hole surface as pin load approaches
minimum value in load cycle

Fig 23akd Schamatic disagram of forcas acting on hale surtece during load cycling
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Direction of pin load (tensile loading)

Tensile stress in lug

Fig24 Considerstion of forcas acting on smell elemaent cf hole wrise
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